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Abstract
The supergroup of apatite is divided into five groups of minerals. Therefore, minerals
from the group of apatite were described in the first chapter, the second chapter of this
book continues with description of minerals from the other four groups, i.e. minerals
from the group of britholite, belovite, ellestadite and hedyphane. The structure,
properties and known localities of these minerals were described. Although carbonate-
apatite species are discredited from the IMA list of minerals, the chapter ends with
description of structure and properties of carbonate-hydroxylapatite, carbonate-
fluorapatite, and carbonate-rich varieties of apatite, i.e. francolite, dahlite, kurskite and
collophane. The introduced three basic types of carbonate-apatites, i.e. type A, B and
AB) are then discussed in Chapter 10 in depth.
Keywords: Apatite, Britholite, Belovite, Ellestadite, Hedyphane, Carbonate-apatite,
Francollite, Dahlite
As was mentioned in Section 1.1, the supergroup of apatite is divided into five groups. The most
important minerals form the group of britholite (Section 2.3), belovite (Section 2.2), ellesta‐
dite (Section 2.4) and hedyphane (Section 2.1), which are described in this chapter together with
carbonate fluorapatite and hydroxylapatite (Section 2.6).
© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
Fig. 1 Distribution of described minerals from the supergroup of apatite (discredited species are also included) among
individual groups (a) and distribution of kind of XO4 tetrahedra (b), crystal system (c) and space group (d) among
these species.
Other minerals from the supergroup of apatite include 65%, i.e. 28 described mineral species
Fig. 1(a), which predominantly crystallize in hexagonal system (c) and in the space group P63/M
(d). The [PO4]3− unit is the most frequent ortho-oxyanion for the supergroup of apatite in general
(b), but its content in individual groups varies strongly (Fig. 2).
Fig. 2 Frequency of XO4 ions and point groups for individual groups from the supergroup of apatite.
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2.1. The group of hedyphane
2.1.1. Hedyphane
Hedyphane (Ca2Pb3(AsO4)3Cl), calcium-lead chloroarsenate [1],[2],[3],[4] is a mineral that was
originally described from Langban, Sweden. It also occurs at the Harstig Mine, Pajsberg,
Sweden and was moderately abundant at the Franklin Mine, Franklin, Sussex County, New
Jersey. The mineral occurs in the localities introduced in Fig. 3. The mineral was named in 1830
by German mineralogist JOHANN FRIEDRICH AUGUST BREITHAUPT [5] and its Greek name is usually
translated as “pleasant appearance or beautifully bright.”
Fig. 3 Known localities for the mineral hedyphane.
Other Minerals from the Supergroup of Apatite
http://dx.doi.org/10.5772/62210
63
Fig. 4 The structure (perspective view according to the c-axis; a) and the crystal habit of hedyphane crystals (b).
The neotype (refer to Footnote 48 in Chapter 1) hedyphane occurs as light yellow or white1
euhedral crystal2 approximately 1 mm in maximum dimension. Hedyphane is translucent with
white streaks and has greasy to vitreous or (sub)resinous luster on crystal faces and fracture
surfaces. The cleavage is indiscernible, the fracture is even, and the mineral is moderately
brittle. Hedyphane is isostructural (arsenate analogue) with phosphohedyphane (Sec‐
tion 2.1.3) [3]. The structure and the crystal habit of hedyphane are shown in Fig. 4.
The unit cell parameters of hedyphane are a = 10.14, c = 7.185 Å, Z = 2 and V = 639.78 Å3. The
average density of mineral is 5.81 g·cm−1. Hedyphane is optically uniaxial and positive. The
hardness of the mineral on the Mohs scale is in the range from 4 to 5. Despite the fact that the
formal charges of Ca2+ and Pb2+ are the same, the Pb2+ ion predominantly occupies M(2) sites
in the structure of hedyphane. The exclusive presence of Pb in the M(2) site is probably due to
the presence of stereoactive lone pair of electrons (please see Fig. 7 and Fig. 9), which is
characteristic for the Pb2+ ion in many compounds [6],[3],[7].
The average length of Ca-O(n), bond where n = 1, 2 and 3, in CaO9 polyhedron is 2.60 Å. The
structure of PbO5Cl2 polyhedron with interatomic distances is shown in Fig. 5. The average
value of O(n)-Pb-O(3) angle, where n = 2 and 3, is 99.3°. The average interatomic distance and
O-As-O angle in AsO4 tetrahedron are 1.69 Å and 109°, respectively [3].
1 Also described as “white variety” of “green lead ore” [4], i.e. the mineral mimetite (Section 1.6.7). It should be noted
that “white lead ore” (grayish-white color, glassy luster and crystallized in small prisms) is related to the mineral cerussite
(PbCO3).
2 Crystal habit shows well-formed and easily recognized faces. On the contrary, crystal faces that are not well formed are
termed as anhedral. The intermediate texture between euhedral and anhedral is called subhedral.
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Fig. 5 The coordination polyhedron around the Pb site in hedyphane (projection on 001). The number within the circle
denotes x coordinates of atoms [3].
2.1.2. Fluorphosphohedyphane
Fluorphosphohedyphane (Ca2Pb3(PO4)3F, [1],[8]): occurs in the oxidation zone of a small Pb-
Cu-Zn-Ag deposit in the Blue Bell claims, about 11 km west from Baker, San Bernardino
County, California (Fig. 6). Fluorphosphohedyphane is a fluor-analogue of phosphohedy‐
phane, forms subparallel intergrowths and irregular clusters of transparent, colorless, highly
lustrous, hexagonal prisms with pyramidal terminations.
Fig. 6 The locality for the mineral phosphohedyphane.
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Fluorphosphohedyphane is found in cracks and narrow veins in highly siliceous hornfels3 [9]
in association with cerussite1, chrysocolla4 ((Cu2−xAlx)H2−xSi2O5(OH)4·nH2O [10]), fluorite,
fluorapatite, goethite, gypsum, mimetite, opal (SiO2·nH2O [11],[12]), phosphohedyphane,
plumbogummite (PbAl3(PO4)(PO3OH)(OH)6 [13],[14],[15]), plumbophyllite (Pb2Si4O10·H2O
[16]), plumbotsumite (Pb5Si4O8(OH)10 [17],[18],[19], pyromorphite (Section 1.6.4), quartz and
wulfenite (PbMoO4 [20]). The streak of the new mineral is white; the luster is subadamantine
[8]. The structure and the crystal habit of fluorphosphohedyphane hedyphane are shown in
Fig. 7.
Fig. 7 The structure (perspective view along the c-axis), the coordination of Pb with likely approximate location of
lone-electron pair and the crystal habit of fluorphosphohedyphane in clinographic projection5 [8].
Fluorphosphohedyphane has the apatite structure with the ordering of Ca and Pb in two cation
sites, as in hedyphane and phosphohedyphane. The Pb2+ cation exhibits a stereoactive 6s2 lone
electron pair6 [21] (Fig. 7). The Z anion site at (0, 0,½) is fully occupied by F forming six bonds
of 2.867 Å to Pb atoms, in contrast to six Pb-Cl bonds of 3.068 Å in phosphohedyphane. For
3 The name for this type of contact metamorphic rock was given by K. VON LEONHARDT. The name originates from the
designation of the highest peaks in the Alps but it can be also derived from ancient mining term from Saxony (Germany)
which was used to describe hard, compact metamorphic rock developed at the margin of an igneous body. These rocks
possess outstanding toughness due to fine-grained nonaligned crystals of platy or prismatic habit. Hornfels are sometimes
banded, but their texture can be also porphyroblastic, i.e. they occur as large crystals within fine ground groundmass of
metamorphic rock [9].
4 The name of the mineral comes from the Greek words chyrosos (gold) and kolla (glue). The mineral is also named as
bisbeeite (blue mineral of the composition of (Cu,Mg)SiO3·nH2O named after Bisbee Cochise County, Arizona).
5 In the clinographic projection the crystal is turned by angle Θ around a vertical axis in order to make the front- and the
right-hand faces visible. Other forms are orthographic projection and perspective projection.
6 The electronic configuration for Pb is [Xe] 4f14 5d10 6s2 6p2. Cations with formal ns2 np6 electronic configuration usually
display novel properties and it is widely believed that the so-called ns2 lone pair is responsible for the stereochemical
activity that causes the Jahn–Teller geometry distortion, specific optical properties, and ferroelectricity. Lone electron
pair is also used for the explanation of anisotropies of thermal expansion coefficient, piezoelectric and elastic properties,
and optoelectronic properties [21].
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fluorphosphorhedyphane, phosphohedyphane and hedyphane in which Ca2+ occupies the
M(1) site and Pb2+ occupies the M(2) site, the M(1) metaprism twist angles are notably
smaller, 10.0°, 8.6° and 5.2°, respectively [8].
The mineral is brittle with subconchoidal fracture and no cleavage. Based on the empirical
formula, the calculated density is 5.45 g·cm−3. Fluorphosphohedyphane is hexagonal with the
space group P63/M and the cell parameters a = 9.6402, c = 7.0121 Å, a:c = 1:0.727, V = 564.4 Å3
and Z = 2. The hardness of the mineral on the Mohs scale is 4.
2.1.3. Phosphohedyphane
Phosphohedyphane (Ca2Pb3(PO4)3Cl [1],[22]): the mineral from the Capitana mine, Copiapó,
Atacama Province, Chile, discovered in 2004. Known localities for the mineral phosphohedy‐
phane are introduced in Fig. 8. Phosphohedyphane is brittle with subconchoidal fracture and
no cleavage. Phosphohedyphane is hexagonal with the space group P63/M and the cell
parameters a = 9.857, c = 7.13 Å, V = 599.94 Å3 and Z = 2. The hardness of the mineral on the
Mohs scale is 4. The mineral is closely associated with quartz, duftite (PbCuAsO4(OH) [23])
and bayldonite (Cu3PbO(AsO3OH)2(OH)2 [24]).
Fig. 8 Known localities for the mineral phosphohedyphane.
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Fig. 9 The structure (perspective view along the c-axis), the coordination of Pb with approximate location of lone-elec‐
tron pair and the crystal habit of phosphohedyphane [22].
The mineral is a phosphate analogue of hedyphane and possesses an apatite structure with
the ordering of Ca and Pb in two nonequivalent large cation sites. The structure refinement
indicates that the Ca(2) sites are completely occupied by Pb and the Ca(1) sites contain 92% Ca
and 8% Pb. The tetrahedral site refines to 91% P and 9% As. The refinement indicates the 0,0,0
position to be fully occupied by Cl. The structure and the crystal habit of phoshohedyphane
are shown in Fig. 9.
Other secondary minerals identified in the oxidized zone together with phosphohedyphane
are: anglesite (PbSO4 [25]), arsentsumebite (Pb2Cu(AsO4)(SO4)(OH) [26],[27]), azurite
(Cu3(CO3)2(OH)2 [28]), beaverite7 (PbCu2+Fe3+2(SO4)2(OH)6 [29],[30],[31]), calcite (CaCO3,
hexagonal with the space group R3¯C8 [32]), cerussite, mimetite (Section 1.6.7), malachite
(Cu2CO3(OH)2 [33]), mottramite and perroudite (Ag4Hg5S5(I,Br)2Cl2 [34]) [22].
2.1.4. Morelandite
Morelandite (Ca2Ba3(AsO4)3Cl, (Ba, Ca, Pb)5(AsO4, PO4)3Cl [1],[35],[36]), is a mineral that was
named in 1978 according to MORELAND. It occurs as small irregular masses associated with
hausmannite (Mn2+Mn3+2O4 [37]) and calcite in the Jakobsberg mine, near Nordmark,
Sweden (Fig. 10). The structure of morelandite is shown in Fig. 11.
7 The minerals beaverite-(Cu) and beaverite-(Zn), i.e. PbZnFe3+2(SO4)2(OH)6 [29], were recognized. Beaverite is an oldname for the mineral beaverite-(Cu).
8 There is also an orthorhombic polymorph (PMCN) aragonite.
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Fig. 10 Known locality of the mineral morelandite.
Fig. 11 The structure of morelandite (perspective view according to the c-axis).
The mineral is gray to light yellow with white streaks, greasy to vitreous luster, and shows
poor cleavage on {001}. Morelandite is hexagonal with the space group P63/M and the cell
parameters a = 10.169, c = 7.315 Å, V = 655.09 Å3 and Z = 2. The hardness of the mineral on the
Mohs scale is 4½.
2.1.5. Aiolosite
Aiolosite (Na2(Na2Bi)(SO4)3Cl, ideally Na4Bi(SO4)3Cl [7]): hexagonal mineral with the space
group P63/M and the cell parameters a = 9.626, c = 6.88 Å, V = 552.09 Å3 and Z = 2. The calcu‐
lated density of the mineral is 3.59 g·cm−3. Aiolosite is a sulfate mineral isotopic with apatite,
which was found in an active medium-temperature intracrater fumarole at La Fossa crater,
Vulcano Island, Aeolian archipelago, Sicily, Italy (Fig. 12). It occurs as acicular to slender
prismatic crystals up to 0.5 mm long in an altered pyroclastic breccia (refer to Footnote 27 in
Section 1.1), together with alunite, anhydrite (CaSO4 [38]), demicheleite-(Br) (BiSBr [39]),
bismuthinite (Bi2S3 [40]) and panichiite ((NH4)2SnCl6 [41]). Aiolosite is colorless to white, with
white streaks and nonfluorescent. The luster is vitreous.
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Fig. 12 The locality of the mineral aiolosite.
The structure of the mineral aiolosite is shown in Fig. 13.
The structure of aiolosite shows two independent cationic sites M(1) and M(2). Due to close
similarity in ionic radii of Na+ and Bi3+, Bi exclusively prefers the M(2) site instead of M(1),
which can be ascribed mainly to the Coulombic effect, in view of the higher charge of Bi3+
compared to Na+, since the average M(2)-O distance (2.516 Å) is shorter than that of M(1)-O
(2.617 Å). A similar effect also affects the distribution of Na+ and Ca2+ sites in cesanite
(Section 2.1.7) [7].
Fig. 13 The structure of aiolosite (perspective view according to the c-axis).
2.1.6. Caracolite
Caracolite (Na2(Pb2Na)(SO4)3Cl, sodium lead hydroxylchlorosulfate [1],[42],[43],[44]), is a
vitreous colorless or grayish mineral from Beatriz mine, Caracoles, Chile, which was report‐
ed by WEBSKY in 1886. Known localities and the structure of the mineral caracolite are shown
in Fig. 14. It occurs as crystalline incrustations with imperfect pseudohexagonal crystals up
to 1 mm large. The crystals have the form of hexagonal pyramids with the base and the prism,
but they are supposed to be pseudohexagonal. The mineral exhibits complex polysynthetic
twinning with rather large extinction angles.
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Fig. 14 The localities of the mineral aiolosite.
Fig. 15 The structure of caracolite (perspective view according to the c-axis).
Caracolite is monoclinic mineral with the space group P21/M and the cell parameters a = 19.62,
b = 7.14, c = 9.81 Å and β = 120°, V = 1190.14 Å3, Z = 4. Calculated density is 4.50 g·cm−3. The
hardness of the mineral on the Mohs scale is 4½. The structure of caracolite is shown in Fig. 15.
2.1.7. Cesanite
Cesanite (Ca2Na3(SO4)3OH [45],[46],[47]) is a colorless, medium to coarse-grained, soft mineral
which occurs both as a solid vein (1 cm thick) and as cavity-filling of an explosive breccia in
core samples of the Cesano-I geothermal well (Cesano area, Latium, Italy). Cesanite was
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recognized as new mineral by CAVARRETA et al [47]. The crystal structure determination
confirms that cesanite has to be considered a member of the apatite-wilkeite-ellestadite series,
where (PO4)3− is entirely substituted by (SO4)2−, the charge balance being made up by partial
substitution of Na+ for Ca2+ and H2O for (OH−, Cl− , F−).
The general formula of this series, proposed by HARADA et al [48] and modified by CAVARRE‐
TA et al [47], is as follows:
Ca5−wNaw(Siy, Sz, P3−y−z)O12(F, Cl, OH)x nH2O;
where w = 1 – x – y + z and n ≤ 1 – x.
Cesanite is a hexagonal mineral with the space group P6¯ and the cell parameters a = 9.463, c =
6.9088 Å, V = 535.79 Å3 and Z = 1. Calculated density of the mineral is 2.75 g·cm−3. The hardness
of the mineral on the Mohs scale ranges from 2 to 3.
The structure of cesanite is shown in Fig. 16. Synthetic and natural cesanite show typical
elements of the apatite structure, but the reduction of symmetry from the centrosymmetric
space group P63/M to the noncentrosymmetric space group P6¯ leads to a doubling of the number
of crystallographically independent sites. Na and Ca cations are distributed over four
independent sites. They are coordinated either by six O atoms and one hydroxyl ion or by
water molecule (M(1), M(2)) or nine O atoms (M(3), M(4)) [46].
Fig. 16 The structure of cesanite (perspective view according to the c-axis; a), crystal habit (b) and the coordination
polyhedra for M(1) (1), M(2) (2), M(3) (3) and M(4) (4) in synthetic analogue of the mineral cesanite (c) [47].
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2.2. The group of belovite
The minerals from the group of belovite are cation ordered. Strontium substitutes for Ca in the
M(2) site, and Na + REE substitute for Ca in the M(1) site. This results in lowering of symme‐
try from P63/M (the space group of the apatite archetype structure) to P63 (fluorstrophite,
fluorcaphite), P 3¯ (belovites), or P3 (deloneite) [1].
2.2.1. Belovite-(Ce)
Belovite-(Ce) (NaCeSr3(PO4)3F [49],[50],[51]), is a mineral from alkaline pegmatite in differen‐
tiated alkalic massifs which was named in 1954 by L.S. Borodin and M.E. Kazakova accord‐
ing to Russian mineralogist and crystallographer N.V. BELOV. The mineral is found in Russia,
on Mts. Punkaruaiv, Lepkhe-Nelm, Sengischorr, Karnasurt, Kedykvyrpakhk and Alluaiv,
Lovozero massif; and on Mts. Kukisvumchorr and Koashva, Khibiny massif, Kola Peninsula.
The localities of belovite-(Ce) are shown in Fig. 17.
Fig. 17 The localities of the mineral belovite-(Ce).
The mineral belovite-(Ce) is usually associated with ussingite (Na2AlSi3O8(OH) [52]), natro‐
lite (Na2(Si3Al2)O10·2H2O [53]), chkalovite (Na2BeSi2O6 [54]), epistolite (Na4TiNb2
(Si2O7)2O2(OH)2·4H2O [55]), tugtupite (Na4BeAlSi4O12Cl [56]), manganneptunite
(Na2KLi(Mn2+,Fe2+)2Ti2[Si8O24] and manganoneptunite [57] (the mineral is isostructural with
neptunite [58],[59]), murmanite (Na2Ti2(Si2O7)O2·2H2O [60]), gaidonnayite (Na2ZrSi3O9·2H2O
[61]), nordite-(La) (Na3SrLaZnSi6O17), lamprophyllite (Na3(Sr,Na)Ti3(Si2O7)2O2(OH)2 [62]),
fluorcaphite, lomonosovite, deloneite-(Ce), sitinakite (KNa2Ti4Si2O13(OH)·4H2O [63]), aegir‐
ine (NaFe3+Si2O6 [64]), sodalite (Na4Si3Al3O12Cl [65]), microcline9 (KAlSi3O8 [66],[67]) and
9 Originally, the mineral was named as mikroklin [66],[67]: triclinic mineral, space group C 1¯ with the unit cell parameters:
a = 8.5784 Å, b = 12.9600 Å, c = 7.2112 Å, α = 90.30°, β =116.03°, and γ = 89.125°.
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(NaAlSiO4 [68]). The morphology of belovite-(Ce) crystals and its structure are shown in Fig.
18.
Fig. 18 The structure of belovite-(Ce) (perspective view according to the c-axis; a) and the shape of belovite-(Ce) crys‐
tals (b).
Belovite-(Ce) is the cerium analogue of belovite-(La) (Section 2.2.2) and the strontium analogue
of kuannersuite-(Ce) (Section 2.2.7). The ideal formula of belovite-(Ce) is Sr6(Na2REE2)
(PO4)6O24(OH,F,Cl)2, and it is equivalent to apatite sensu stricto10 with the following substitu‐
tion of Ca(2)−6Sr+6 and Ca(1)−4Na+2REE+2. Strontium overcomes the REE in the competition for
Ca(2) sites of apatite. The sites equivalent to Ca(1) of apatite must respond to the occupation
by essentially equal amounts of Na and REE. Unlike single Ca(1) site in apatite sensu stricto,
low symmetry in the space group P3¯ yields two Ca(1) subequivalents, one dominated by Na
and the other one by REE [51].
Belovite-(Ce) is a brittle mineral with a honey-yellow or greenish color that crystallizes in
trigonal system with the unit cell parameters a = 9.692 and c = 7.201Å, a:c = 1 : 0.743, V = 585.80
Å3 and Z = 2. It has white streaks, (sub-)vitreous, resinous or greasy luster and a hardness on
the Mohs scale of 5. Calculated and measured densities of the mineral are 4.23 and 4.19 g·cm
−3, respectively. It has imperfect prismatic and pinacoidal cleavage.11
2.2.2. Belovite-(La)
Belovite-(La) (NaLaSr3(PO4)3F [1],[69]) was named according to N.V. BELOV (Section 2.2.1) with
respect to higher content of La than Ce, i.e. the mineral is the lanthanum analogue of belo‐
vite-(Ce) described above and NaSr3La analogue of fluorapatite (Section 1.5.1). It occurs as
prismatic crystals, up to 3 cm large, and it may also be granular. The structure and the crystal
habit of the mineral belovite-(La) are shown in Fig. 19.
10 Latin phrase (abbreviated as s.s.) used, which means “in exact sense.”
11 Cleavage that is parallel to the orientation {0001}, i.e. to the base of crystal.
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Fig. 19 The structure (shown along the c-axis) and the crystal habit of the mineral belovite-(La).
The mineral belovite-(La) crystallizes as trigonal in the space group P3¯with the cell parame‐
ters a = 9.647 and c = 7.17 Å, a:c = 1:0.743, V = 577.88 Å3 and Z = 2. Belovite-(La) is a very brittle
mineral with yellow or greenish-yellow color and vitreous luster that does not show appa‐
rent cleavage. It has measured and calculated densities of 4.19 and 4.05 g⋅cm−3, respectively.
It has white streaks and the hardness of the mineral on the Mohs scale is equal to 5.
Fig. 20 The locality of belovite-(La).
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Belovite-(La) can be found in natrolite veinlets12 in pegmatites in a differentiated alkalic
massif [70]), lamprophyllite, murmanite, aegirine, pectolite (NaCa2Si3O8(OH) [71]), micro‐
cline and natrolite.
2.2.3. Carlgieseckeite-(Nd)
Carlgieseckeite-(Nd)13 (NaNdCa3(PO4)3F [31],[72],[73]) was named according to the mineralo‐
gist and polar explorer GIESECKE with respect to the content of Nd that is higher than the content
of other REE. The mineral was found in Kuannersuit (formerly Kvanefjeld) Plateau, north‐
ern section of the Ilímaussaq alkaline complex, South Greenland, Denmark. It is associated
with albite (NaAlSi3O8 [74]), analcime (NaAlSi2O6·H2O [75]) and fluorapatite in the cavities of
albite vein cross-cutting augite syenite. Carlgieseckeite-(Nd) forms hexagonal tabular crystals
up to 0.25 × 1 × 1.3 mm, and their parallel intergrowth up to 0.7 × 1.3 mm is found epitactical‐
ly overgrown on prismatic crystals of fluorapatite. A phase with idealized formula
Na1.5Nd1.5Ca2(PO4)3F epitactically overgrows some crystals of carlgieseckeite-(Nd).
The structure of the mineral (Fig. 21) is representative of the structure type of belovite sensu
stricto. In this structure, large M cations occupy three sites with different coordination
numbers: 9-fold polyhedra M(1) (average distance <M(1)–O> is 2.522 Å), 6-fold polyhedral
M(1)′ (reduced 9-fold polyhedra, <M(1)′–O> with average interatomic distance 2.445 Å) and
7-fold polyhedra M(2) (<M(2)–O,F > 2.486 or 2.560 Å in the case of F1) [72].
Fig. 21 The structure of carlgieseckeite -(Nd) (perspective view according to the c-axis).
Mineral carlgieseckeite-(Nd) is trigonal, from the space group P3¯ with crystallographic cell
parameters a = 9.4553, c = 6.9825 Å, a:c = 1:0.738, V = 540.62 Å3 and Z = 2. Carlgieseckeite-(Nd)
is the isostructural Ca- and Nd-dominant analogue of belovite-(Ce) and belovite-(La). The
mineral carlgieseckeite-(Nd) is colorless, transparent and shows a distinct color-change effect,
from almost colorless with a greenish hue in daylight to pink in yellow electric light. The luster
is vitreous. The Mohs hardness is about 5. The mineral is brittle with no observed cleavage [72].
12 Sheetlike body of minerals which crystallize within the rock.
13 The holotype material is deposited in the Fersman Mineralogical Museum of Russian Academy of Sciences, Moscow
[72].
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2.2.4. Deloneite
Deloneite ((Na0.5REE0.25Ca0.25)(Ca0.75REE0.25)Sr1.5(CaNa0.25REE0.25)(PO4)3F0.5(OH)0.5 [1],[76]): the
name of the mineral was changed from deloneite-(Ce) to deloneite. The mineral was named
by KHOMYAKOV, LISITIN, KULIKOVA and RASTSVETAEVA in 1996 according to Russian mathemati‐
cal crystallographer BORIS NIKOLAEVICH DELONE. The mineral usually occurs as anhedral to
subhedral2 crystals in the matrix. The locality and the structure of the mineral are shown in
Fig. 22 and Fig. 23, respectively.
Fig. 22 The locality of deloneite.
Fig. 23 The structure of the mineral deloneite (perspective view according to the c-axis).
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Deloneite is a bright yellow mineral which crystallizes in trigonal systems with the unit cell
crystallographic parameters a = 9.51, c = 7.01 Å, a:c = 1:0737, V = 549.05 Å3 and Z = 2. The mineral
is brittle, with a vitreous luster, white streak, an average density of 3.93 g·cm−3 and a hard‐
ness on the Mohs scale that is equal to 5.
2.2.5. Fluorcaphite
Fluorcaphite (SrCaCa3(PO4)3F [1],[77],[78]): the name of this mineral is an acronym for its
elemental composition, i.e. fluorine, calcium and phosphorus. Fluorcaphite is a common
accessory mineral in albitite,14 which developed at the contact between quartzite and peralka‐
line nepheline syenites15 of the Lovozero complex, in northwestern Russia. The rock consists
predominantly of albite, aegirine, sodic amphibole (arfvedsonite (NaNa2(Fe2+4Fe3+)
Si8O22(OH)2) [79] – magnesio-arfvedsonite (NaNa2(Mg4Fe3+)Si8O22(OH)2) [80],[81] and narsar‐
sukite (Na2(Ti,Fe,Zr)Si4(O,F)11) [82].
Fluorcaphite forms euhedral prismatic crystals up to 0.3 mm in length. Most of the crystals are
homogeneous, but a few contain resorbed core relatively depleted in Sr, Na and light rare-
earth elements (LREE). This pattern of zoning arose from two overprinting episodes of
metasomatism16 [83],[84]. In terms of composition, both the core and the rim are intermediate
members of a solid solution between fluorapatite and belovite-(Ce). The structure and the
crystal habit of the mineral fluorcaphite is shown in Fig. 24.
Fig. 24 The structure (view along c-axis) and the crystal habit of the mineral fluorcaphite.
Fluorcaphite is light or bright yellow hexagonal mineral which crystallizes in the space group
P63 with the crystallographic parameters a = 9.485, c = 7.000 Å, a:c = 1:0.738, V = 545.39 Å3 and
Z = 2. It has white streaks, vitreous luster and the hardness on the Mohs scale is 5. Calculat‐
ed and measured densities are 4.09 and 3.6 g·cm−3, respectively. Fluorcaphite does not show
any cleavage, the mineral is brittle with the formation of subconchoidal fractures.
14 Granular rock essential consisting of the mineral albite.
15 Coarse-grained intrusive rock crystallized slowly under conditions similar to granite, but is deficient of quartz.
16 The term was introduced by NEUMANN [83]. Metasomatism is a metamorphic process by which the chemical composi‐
tion of a rock or rock portion is altered in a pervasive manner and which involves the introduction and/or removal of
chemical components as the results of the interaction of the rock with aqueous fluids (solutions). During the metasoma‐
tism, the rock remains in a solid state.
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2.2.6. Fluorstrophite
Fluorstrophite (SrCaSr3(PO4)3F [1],[85],[86]) formerly “strontium-apatite” [87] and later
changed to apatite-(SrOH) [1]. It possesses massive, coarse granular to compact morphology.
The crystal forms include short to long hexagonal prisms, they can also be thick and tabular.
Similar to fluorcaphite, the name of the mineral reflects its chemical composition (fluorine,
strontium and phosphorus). The localities of the mineral fluorstrophite are shown in Fig. 25.
Fig. 25 Localities for the mineral fluorstrophite.
Fig. 26 The structure and the crystal habit of the mineral fluorstrophite.
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The structure and the crystal habit of the mineral fluorstrophite are shown in Fig. 26. It is a
green, yellow-green or colorless mineral with vitreous-greasy luster that crystallizes in
hexagonal system with the space group P63/M or P63. The crystallographic parameters of the
unit cell are a = 9.565 and c = 7.115 Å, the ration a:c = 1:0.744, V = 563.74 Å3 and Z = 2. The
hardness of the mineral on the Mohs scale is 5. Calculated and measured densities are 3.74
and 3.84 g·cm−3, respectively. It has imperfect cleavage to {1010}.
2.2.7. Kuannersuite-(Ce)
The mineral kuannersuite-(Ce) (Na2Ce2Ba6(PO4)6FCl [88]) was found and named according to
the locality (Kuannersuit plateau) in the Ilímaussaq alkaline complex, South Greenland (Fig.
27). It occurs associated with the minerals including aegirine, analcime, beryllite
(Be3SiO4(OH)2·H2O [89]), chkalovite, galena, gmelinite17 [90],[91],[92],[93], gonnardite
((Na,Ca)2(Si,Al)5O10·3H2O [94]), lovdarite (K2Na6Be4Si14O36·9H2O [95],[96]), nabesite
(Na2BeSi4O10·4H2O [97],[98]), neptunite, pectolite, polylithionite (KLi2AlSi4O10F2 [99]), pyro‐
chlore18 [100], sphalerite (ZnS [101]) and tugtupite.
Fig. 27 The locality for the mineral kuannersuite-(Ce).
17 There are three minerals: gmelinite-(Ca), gmelinite-(K), and gmelinite-(Na) with the composition of
Ca2(Si8Al4)O24·11H2O [90],[91], K4(Si8Al4)O24·11H2O [93], and Na4(Si8Al4)O24·11H2O [91],[93], respectively.
18 The member of the pyrochlore group ((Na,Ca)2Nb2O6(OH,F)). A new scheme of nomenclature for the pyrochloresupergroup, approved by the CNMNC–IMA, is based on the ions at the A, B, and Y sites. The subgroups should be
changed to the groups: pyrochlore (1), microlite (2), roméite (3), betafite (4), and elsmoreite (5). The new names are
composed of two prefixes and one root name (identical to the name of the group). The first prefix refers to the dominant
anion (or cation) of the dominant valence [either H2O or □] at the Y site. The second prefix refers to the dominant cationof the dominant valence [either H2O or □] at the A site. The prefix “keno–” represents “vacancy.” Where the first and thesecond prefix are equal, only one prefix is applied [100].
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications80
It occurs as light rose-colored hexagonal prismatic crystals, up to 1.5 mm long, with a white
streak and a vitreous luster. It is a barium analogue of belovite-(Ce) (Section 2.2.1) and
NaCeBa3 analogue of fluorapatite (Section 1.5.1). The mineral is brittle and shows poor
cleavage along {001} and {100}. The structure and the crystal habit of the mineral kuanner‐
suite-(Ce) are shown in Fig. 28.
Fig. 28 The structure and the crystal habit of the mineral kuannersuite-(Ce).
Kuannersuite-(Ce) crystallizes in trigonal systems with the space group P3¯. The parameters of
unit cell are: a = 9.9097 and c = 7.4026 Å, V = 629.558 Å3 and Z = 2. There is no fluorescence
under ultraviolet light (long or short wave). The Mohs hardness of kuannersuite is between
4½ and 5½, and calculated density is 4.5 g⋅cm−3.
2.3. The group of britholite
Britholites are typically phosphorus-bearing silicates with apatite structure and general
formula: (REE,Ca)5[(Si,P)O4]3Z, where REE is usually yttrium and Z = OH−, F− or Cl−. The
minerals from the group of britholite usually contain significant impurities of thorium and
sometimes also uranium. These minerals are widespread in alkaline rocks such as pegma‐
tites and metasomites19 related to syenite15 and nepheline–syenite complexes [102]. The name
of this group is derived from the Greek word brithos for weight in order to refer to the high
density of the mineral. The following minerals are described below.
The structure and the crystallographic data of some of the minerals from the group of britholite
were introduced in Fig. 29 and Table 1, respectively. The structural, thermodynamic and
electronic properties of britholites were investigated by NJEMA et al [103].
19 The series of metamorphic processes whereby chemical changes occur in minerals or rocks as the result of the
introduction of material, often in hot aqueous solutions, from external sources.
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Ca5 Ca3.5 REE1.5
Apatite Fluorcalciobritholite
Ideal composition
Fluorcalciobritholite Fluorbritholite
Britholite
Ca2.5 REE2.5 Ca2 REE3M
X (PO4)1.5(SiO4)1.5(PO4)3
Ca5(PO4)3F
Fluorapatite
(PO4)0.5(SiO4)2.5 (SiO4)3
Ca3Ce2 (SiO4)2(PO4)F Ce3Ca2 (SiO4)3F
Fig. 29 The structure (the view according to axis c) of mineral: (a) britholite-(Ce), (b) britholite-(Y) and (c) fluorbritho‐
lite-(Ce). Coupled heterovalent substitution at M and T site in the series apatite–calciobritholite–britholite [1].
Mineral name Crystallographic parameters Hardness (Mohs)
a c a:c Z V SG Density*
[Å] — — [Å3] — [g·cm−3]
Britholite-(Ce) 9.63 7.03 1:0.730 2 564.60 P63/M 4.45/4.49 5½
Britholite-(Y) 9.43 6.81 1:0.722 524.45 4.25/4.07 5.0
Fluorbritholite-(Ce) 9.52 6.98 1:0.734 547.74 4.66/4.67
Fluorbritholite-(Y) 9.44 6.82 1:0.722 526.68 —/4.61 5½
Fluorcalciobritholite 9.58 6.99 1:0.729 555.17 4.20/4.25 5½
Tritomite-(Ce) 9.35 6.88 1:0.736 520.89 4.20/5.02 5.5
Tritomite-(Y) 9.32 6.84 1:0.734 514.54 3.22/4.48 3.5-6.5
Measured/calculated
Table 1 The crystallographic data of minerals from the group of britholite
2.3.1. Britholite-(Ce)
The britholite-(Ce) (Lessignite-(Ce), (Ce,Ca)5(SiO4)3OH) [104],[105],[106]) mineral (Fig. 30) was
first recognized as the new mineral by G. FLINK (1897) in the pegmatite form of the nepheline–
syenite at Naujakasik, Ilímaussaq complex, Greenland. Known localities for the mineral
britholite are shown in Fig. 31.
The specimen was named and described by CHR. WINTHER [104] as opaque, brown crystals of
the composition of 3[4SiO2,2(Ce,La,Di,Fe)2O3,3(Ca,Mg)O,H2O,NaF],2[P2O5,Ce2O3], which are
apparently hexagonal prisms with pyramids, but it actually consists of biaxial orthorhombic
individuals twined together as in aragonite. The Th-rich britholite-(Ce) was also known as
fenghuangshite [107]. Britholite-(Ce) (first described as britholite) is the forefather of the
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Fig. 30 The crystal (13 mm) of britholite-(Ce) from Ostkogen, Tvedalen, Norway.
Fig. 31 The localities for the mineral britholite-(Ce).
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britholite group [108]. The structure of monoclinic britholite-(Ce) is shown in Fig. 32 and the
crystallographic data are listed in Table 1.
The crystal structure of monoclinic dimorphs Fig. 33 of the mineral britholite-(Ce) (and also
of britholite-(Y)described below) was solved in P21 space group by NOE et al [106]. The
monoclinic britholite dimorph differs from its hexagonal counterpart principally in the ligation
of the REE equivalent of the apatite Ca(l) site. Whereas in P63 britholite each Ca(l) equivalent
has either three short or three long REE-O(3) bonds; in the P21 dimorph, the Ca(1) equiva‐
lents have either one long and two short REE-O(3) bonds or one short and two long REE-O(3)
bonds. Arrangement of short and long bonds leads to P63 symmetry in hexagonal britholite
due to removal of M from symmetry elements of apatite, and P21 symmetry in monoclinic
Fig. 32 The crystal structure (perspective view according to c-axis) of britholite-(Ce) and some common crystal shapes.
Column
Symmetry: 3/m 3 1
Monoclinic
Britholite
REE(1b)
REE(1a)
O3f
O3e
Hexagonal
Britholite
Fluorapatite
Ca1
O3
c c c
O3d
O3b
O3c
O3a
m
m
Fig. 33 Depiction of Ca(1)-O(3) triangles in apatite (a) and REE(1)-O(3) triangles in hexagonal (b) and monoclinic bri‐
tholite (c). The dashed and solid lines in the structure of britholite indicate short and long REE-O bonds, respectively
[106].
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britholite due to removal of symmetry elements 3 and M. The reduction in symmetry ex‐
plains the common observation of biaxial optical characteristics of britholite samples [106].
2.3.2. Britholite-(Y)
The mineral britholite-(Y) ((Y,Ca)5(SiO4)3OH, abukumalite, [105], [109]) occurs similarly to
britholite-(Ce) in granite, alkaline rocks, skarns and hydrothermal veins [107]. The structure
of monoclinic (P21, refer the discussion to Fig. 33) britholite-(Y) and known localities are shown
in Fig. 35 and Fig. 34, respectively.
Fig. 34 The structure (perspective view along the c-axis) of britholite-(Y).
Fig. 35 The localities for the mineral britholite-(Y).
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Britholite-(Y) is very brittle mineral with reddish brown or black color, pale brown streak and
resinous luster that crystallizes as hexagonal in the space group P63/M with the unit cell
parameters a = 9.43 and c = 6.81 Å, a:c = 1:0.722, V = 524.45 Å3 and Z = 2. Calculated and measured
densities of the mineral are 4.07 and 4.25 g·cm−3, respectively.
2.3.3. Fluorbritholite-(Ce)
The mineral fluorbritholite-(Ce) ((Ce,Ca)5(SiO4)3F) [1],[110]) is the fluorine-rich analogue of
britholite-(Ce). The structure and known localities of the mineral fluorbritholite-(Ce) are
shown in Fig. 36 and Fig. 37, respectively. The mineral has a yellow, reddish-brown color, or
Fig. 36 The structure (perspective view along the c-axis) and the crystal habit of fluorbritholite-(Ce).
Fig. 37 The localities for the mineral fluorbritholite-(Ce).
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications86
it may be colorless. Its hardness on the Mohs scale is 5. Measured and calculated densities of
fluorbritholite-(Ce) are 6.67 and 4.66 g⋅cm−3, respectively.
Fluorbritholite-(Ce) is a very brittle mineral that crystallizes as hexagonal in the space group
P63/M. The unit cell shows following crystallographic parameters: a = 9.517 and c = 6.983 Å, a:c
= 1:0.734, V = 547.74 Å3 and Z = 2.
2.3.4. Fluorbritholite-(Y)
The mineral fluorbritholite-(Y) ((Y,Ca)5(SiO4)3F) [108]) was named as the fluorine-dominant
analogue of britholite-(Y), where the Levinson-type suffix modifier, -(Y), indicates the
dominance of yttrium among rare-earth elements. It forms irregular grains, hexagonal to
tabular crystals and short-prismatic to thick-tabular crystals. The known localities and
structures of the mineral fluorbritholite-(Y) are shown in Fig. 38 and Fig. 39, respectively.
Fig. 38 The structure (perspective view along the c-axis) and the crystal habit of fluorbritholite-(Y).
Fig. 39 The localities for the mineral fluorbritholite-(Y).
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The mineral fluorbritholite crystallizes in hexagonal systems of the space group P63/m with
the crystallographic parameters of unit cell a = 9.444 and c = 6.819 Å, a:c = 1:0.722, V = 526.68 Å3
and Z = 2. It is a brittle mineral of light-pink or brown color and calculated density of 4.61 g·cm
−3. It has a pale brownish or white streak and its hardness on the Mohs scale is 5.
2.3.5. Fluorcalciobritholite
The mineral fluorcalciobritholite ((Ca,REE)5(SiO4,PO4)3F; [1],[102]) was found at Mount
Kukisvumchorr, Khibiny alkaline complex, Kola Peninsula, Russia and differs from fluorbri‐
tholite and fluorapatite in the content of calcium (Ca > Σ REE) and phosphorus (Si > P),
respectively. The main crystal form is a hexagonal prism. The mineral is transparent, with a
pale pinkish to brown color and a white streak. The structure and the locality of fluorcalcio‐
britholite is shown in Fig. 40 and Fig. 41, respectively.
Fig. 40 The structure (perspective view along the c-axis) and the crystal habit of the mineral fluorcalciobritholite.
Fig. 41 The localities for the mineral fluorcalciobritholite.
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The ideal chemical formula for fluorcalciobritholite may be written as (Ca3REE2)
[(SiO4)2(PO4)]F. In the view of coupled heterovalent substitutions occurring at the M and T
sites in the series apatite–calciobritholite–britholite, it is more practical in this case for
nomenclature purposes to consider the total abundance of M cations as a single, composite
site [1].
Pale pinkish brown or brown mineral fluorcalciobritholite crystallizes as hexagonal in the
space group P63/M with the crystallographic parameters a = 9.58 and c = 6.985 Å, a:c = 1:0.729,
V = 555.17 Å3 and Z = 2. Calculated and measured densities of the mineral are 4.25 and 4.2 g·cm
−3, respectively. It has white streak and vitreous luster. The mineral is brittle and its hardness
on the Mohs scale is equal to 5½.
2.3.6. Tritomite-(Ce)
Tritomite-(Ce) (Ce5(SiO4,BO4)3(OH,O) [105],[111]) was first found by WEIBYE in 1849 at the
island of Låven in Langesundsfjord as dark tetrahedral crystals in leucophanite
((Na,Ca)2BeSi2(O,OH,F)7 [112] or analcime. Chemically and structurally, it is very similar to
melanocerite (melanocerite-(Ce),20 Ce5(SiO4,BO4)3 (OH,O) [1],[105],[111]) and caryocerite [111].
The pyramidal crystal of mineral tritomite-(Ce) is shown in Fig. 42.
Fig. 42 The crystal habit of the mineral tritomite-(Ce) and tritomite-(Y).
The mineral was named from the Greek tρitομοs meaning “cut in three parts” in allusion to
the triangular and pseudo-tetrahedral crystal habit [113],[114]. Known localities for the mineral
tritomite-(Ce) are shown in Fig. 43.
Tritomite-(Ce) crystallizes as hexagonal mineral in the space group P63/M with crystallograph‐
ic parameters a = 9.35 and c = 6.88 Å, a:c = 1: 0.736, V = 520.89 Å3 and Z = 2. It is a very brittle
mineral of dark brown color with a hardness (on the Mohs scale) of 5½.
20 Since the mineral is equal to tritomite-(Ce), the name of melanocerite-(Ce) is discredited [1].
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Fig. 43 Known localities for the mineral tritomite-(Ce).
2.3.7. Tritomite-(Y)
The mineral tritomite-(Y) ((Y5(SiO4,BO4)3(OH,O,F), [Y3+(Cr, Pr, Th)4+Ca](Si2B)O12O [111],[113],
[115]) was first described by FRONDEL. It is also known as the hexagonal mineral spencite
(named after Canadian geologist H.S. SPENCE) [116]. The mineral tritomite-(Y) is formed in the
nepheline syenite pegmatites of the area, which carries rare earths predominantly from the
yttrium group. Known localities of mineral tritomite-(Y) are introduced in Fig. 44.
Fig. 44 Known localities for the mineral tritomite-(Y).
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When heated in air to temperatures ranging from 600°C to 1000°C, tritomite-(Y) recrystalliz‐
es to the structure of apatite and amorphous phase, presumably to a calcium borosilicate
glass [60]. The pyramidal crystals of the mineral tritomite-(Y) are similar to tritomite-(Ce) ones,
which are shown in Fig. 42.
Tritomite-(Y) crystallizes as hexagonal in the space group P63/M with unit cell parameters a =
9.32 and c = 6.84 Å, a:c = 1:0.734, V = 514.54 Å3 and Z = 2. It is dark green-black, red-brown,
nearly black mineral with vitreous or resinous luster and average density of 3.22 g⋅cm−3. It is
a brittle mineral forming small fragments with conchoidal fracture. The hardness of trito‐
mite-(Y) on the Mohs scale ranges from 3.5 to 6.5 [111],[113],[115].
2.4. The group of ellestadite
Ellestadites sensu lato are sulfato-silicates. For stoichiometric reasons, the incorporation of the
sulfate anion (SO4)2− in the structure of apatite in the place of (PO4)3− or (AsO4)3− must be coupled
with a concurrent substitution by silicate anions (SiO4)4−. This holds in all cases in which the
M sites are occupied by divalent cations. Pure sulfates with an apatite structure may occur
only by reducing overall positive charge associated with the M cations, as is the case in cesanite
and caracolite from the group of hedyphane (Section 2.1) [1].
The structural formula of ellestadite and (with slight modification) of wilkeite can be ex‐
pressed as follows [117]:
Ca6(F , Cl , O , OH )2 (S , Si, P , C)O4 6(Ca, C)4
This formula indicates that two-fifths of the Ca2+ ions are located on threefold axes and can be
replaced by carbon. Three-fifths of the Ca2+ ions are tied to F−, Cl− and O− anions or OH− groups
and cannot be replaced by carbon. All Ca2+ ions are tied to O-ions, which are arranged in
tetrahedral coordination with S-, Si-, P- or C-ions at the centers.
2.4.1. Fluorellestadite
The mineral fluorellestadite (formerly called ellestadite-(F) [85],[118],[119] Ca5(SiO4)1.5
(SO4)1.5F [1],[120]) is a rare mineral found in nature in skarns or metamorphosed limestones21
[121]. It was named according to American analytical chemist R.B. ELLESTAD and fluorine in the
chemical composition. The mineral occurs as needles, as hexagonal prismatic, poorly termi‐
nated crystals up to 3 mm long, and as fine-grained aggregates. Thin needles are colorless,
crystals are transparent and aggregates are translucent. Known localities of fluorellestadite are
introduced in Fig. 45. The structure of mineral ellestadite is shown on Fig. 46.
21 Limestone is a name used for sedimentary rock composed mainly of calcium carbonate, usually in the form of calcite
(trigonal CaCO3) or aragonite (orthorhombic CaCO3), but there could also be considerable amounts of magnesiumcarbonate (MgCO3, trigonal mineral magnesite) or dolomite (trigonal CaMg(CO3)2) [121].
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Fig. 45 Known localities for the mineral fluorellestadite.
Fluorellestadite is colorless, blue or pale bluish green hexagonal mineral belonging to the space
group P63/M. The unit cell parameters are a = 9.485, c = 6.916 Å, Z = 2 and V = 538.84 Å3.
Calculated density is 3.10 g⋅cm−3. The hardness of the mineral on the Mohs scale is 4½.
The mineral is also known from burned coal dumps, where its formation is possible in the
presence of carbonaceous and carbonate rocks such as the rests of pyrometamorphism22 [9] of
sedimentary rocks. The generalized formula of this mineral can be expressed as
Ca10(SiO4)3−x(SO4)3−x(PO4)2x (OH,F,Cl)2, where the parameter x varies from 0 (ellestadite) to 3
(apatite).
22 The term pyrometamorphism, which is derived from the Greek word pyr/pyro (fire), meta (change), and morph (shape
or form) was first used by BRAUNS to describe high-temperature changes which take place at immediate contact of magma
and country rock with or without interchanges of material. Tyrrell defined pyrometamorphism as pertaining to the
“effect of the highest degree of heat possible without actual fusion.” There are a number of rock terms commonly used
in association with the phenomenon of pyrometamorphism including hornfels,3 buchite, porcellanite, sanidinite, emery,
paralava, clinker, fulgurite, or with other general terms such as fused or burnt rock [121].
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Fig. 46 The structure of the mineral fluorellestadite (perspective view along the c-axis).
2.4.2. Hydroxylellestadite
Hydroxylellestadite (formerly called ellestadite-(OH) [85], Ca5(SiO4)1.5(SO4)1.5(OH) [1],[117],
[122],[123]) was first reported at cornet Hill by PASCAL et al [124] and MARINCEA et al [125].
Natural hydroxylellestadite23 occurrences were reported from pegmatite veins, skarn and
pyrometamorphic deposits and from mine dumps, but this mineral has never been reported
from a cave. The mineral forms aggregates of xenomorphic crystals which have a maximum
length of 0.5 mm and a maximum width of about 0.1 mm.
Fig. 47 Known localities for the mineral hydroxylellestadite.
23 Synthetic analogs are known as “technical products,” such as burnt industrial waste and cement [122].
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Hydroxylellestadite is associated with berlinite24 (AlPO4 [126]) , another high-temperature
mineral. It is likely to have formed within highly phosphatized, silicate-rich, carbonate-
mudstone sediments heavily compacted and thermally transformed due to in situ bat guano
combustion. Known localities, where the mineral hydroxylellestadite can be found, and its
structure are shown in Fig. 47 and Fig. 48, respectively.
Hydroxylellestadite is a pink or purple-gray hexagonal mineral, which belongs to the space
group P63/M. The unit cell parameters are a = 9.491, c = 6.921 Å, Z = 2 and V = 539.91 Å3.
Calculated density is 3.11 g⋅cm−3. The hardness of the mineral on the Mohs scale is in the range
of 3½ to 4½. Hydroxylellestadite shows faded white-yellow fluorescence when irradiated with
UV light, independently of the excitation frequency [122].
Fig. 48 The structure (perspective view along the c-axis) and the crystal habit of mineral hydroxylellestadite.
2.4.3. Chlorellestadite
The mineral chlorellestadite25 [127],[128] was named in 1892 according to American analyti‐
cal chemist R.B. ELLESTAD (Section 2.4.1) and the content of chlorine in its chemical composi‐
tion in veinlets cutting contact with metamorphosed limestone. The structure of the mineral
ellestadite is shown in Fig. 49.
The mineral occurs as a compact mass. The mineral chlorellestadite is associated with diopside,
wollastonite, vesuvianite (Ca10Mg2Al4(SiO4)5 (Si2O7)2(OH)4 [129]), monticellite (CaMgSiO4
[130]) and calcite.
24 The mineral was named after Swedish pharmacologist N.J. BERLIN. The mineral is Al-P analogue of quartz.
25 The IMA status of the mineral was discredited in 2010.
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Fig. 49 The structure of the mineral chlorellestadite (perspective view along the c-axis).
Chlorellestadite is a hexagonal mineral that crystallizes in the space group P63/M with
crystallographic parameters a = 9.53 and c = 6.91 Å, a:c = 1:0.725, V = 543,49 Å3 and Z = 2. It has
white streaks and a vitreous luster. The color of the mineral is pink, yellowish green, pale rose,
orange, but it can also be colorless. The hardness on the Mohs scale is 4½. Calculated and
measured densities of the mineral are 3.068 and 3.113 g⋅cm−3, respectively.
2.4.4. Mattheddleite
Mattheddleite [131],[132],[133],[134] is a mineral with the composition Pb10(SiO4)3(SO4)3Cl2
(LIVINGSTONE et al [131]) or Pb5(Si1.5S1.5)O12(Cl0.57OH0.43) (STELLE et al [134]) which is a lead member
of apatite supergroup where phosphorus is totally replaced by sulfur and silicon: Si4+ + S6+ ↔
2P5+. Mattheddleite was first recognized in typical Pb mineral region at Leadhills, Scotland and
named after Scottish mineralogist MATTHEW FORSTER HEDDLE (1828–1897). The Z = OH− + Cl−
anion position is zoned from an OH-rich interior to a Cl-rich exterior. Known localities, where
the mineral hydroxylellestadite can be found, and its structures are shown in Fig. 50 and Fig.
51, respectively.
Mattheddleite is a colorless or white hexagonal mineral belonging to the space group P63/M.
The unit cell parameters are a = 9.963 (10.0056 [134]) and c = 7.464 (7.4960 [134]) Å, Z = ½ (Z =
2 [134]) and V = 641.63 (649.9 [134]) Å3. Calculated density is 6.96 (6.822 [134]) g⋅cm−3. The
hardness of the mineral on the Mohs scale is 4½.
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Fig. 50 Known localities for the mineral mattheddleite.
Fig. 51 The structure and the crystal habit of the mineral mattheddleite (perspective view along the c-axis).
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2.5. Pieczkaite
The mineral pieczkaite (Mn52+(PO4)3Cl [135],[136]) was found in the Southeastern shoreline of
a small, unnamed island in Cross Lake, Manitoba, Canada (54°41′N, 97°49′W; Fig. 52) and
classified as the member of the supergroup of apatite. It is isostructural with calcium fluora‐
patite (Section 1.5.1). The approximate composition of hydrothermally grown manganese
chlorapatite is Mn5(PO4)3Cl0.9(OH)0.1 [136].
Fig. 52 Locality for the mineral pieczkaite.
Fig. 53 The structure of the mineral pieczkaite (perspective view along the c-axis).
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It is a hexagonal mineral that crystallizes in the space group P63/M with the crystallographic
parameters of unit cell a = 9.532 and c = 6.199 Å, a:c = 1:0.6501, V = 587.78 Å3 and Z = 2. Calculated
density of pieczkaite is 3.783 g·cm−3. The hardness of the mineral on the Mohs scale varies in
the range from 4 to 5. The structure of the mineral pieczkaite is shown in Fig. 53.
The coordination polyhedron around Mn(1) has the point-group symmetry 3 and is a trigonal
prism in which the two triangles of oxygen atoms are slightly rotated relative to each other.
The coordination polyhedron around Mn(2) is a severely distorted octahedron. The phos‐
phate group is more distorted than in any of the other apatites. The chlorine atom is located
in the center of an equilateral triangle formed by three Mn(2) atoms [136].
2.6. Carbonate-apatites
As mentioned previously (Section 1.1) the name of both most typical examples, i.e. carbo‐
nate-hydroxylapatite (Ca5(PO4,CO3)3OH) and carbonate-fluorapatite (Ca5(PO4,CO3)3F), was
discredited from the IMA list of minerals [1]. The structure and the crystal shape of carbo‐
nate-apatite and carbonate-fluorapatite are shown in Fig. 54. The carbonate-apatites, the
properties of which are listed in Table 7 (Chapter 1), are intensively studied as the mineral
constituents of bones and teeth as described in Section 10.9.
The carbonate-rich apatites are:
1. Francolite (Ca10−x−yNaxMgy(PO4)6−z(CO3)zF0.4zF2 or Ca5(PO4,CO3)3F) [137] is the name used
for massive, cryptocrystalline or amorphous varieties of carbonate-rich hydroxyl- and
fluorapatite. Francolite and staffelite are the synonyms for carbonate-fluorapatite.
This complex carbonate-substituted apatite is found only in marine environments, and,
to a much smaller extent, in weathered deposits, for instance above carbonatites [138]. The
mineral was named according to its occurrence at Wheal Franco, Whitchurch, Tavistock
District, Devon, England.
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Fig. 54 The structure and the crystal shape of carbonate-hydroxylapatite (a) and fluorapatite (b).
2. Dahlite (carbonate-hydroxylapatite, podolite, 3Ca3(PO4)2·CaCO3 or (Na,Ca)5(PO4,
CO3)3OH) [137],[139]. This phosphate structure is found in marine sediments [140],[138].
3. Kurskite (Ca10P4.8C1.2O22.8F2(OH)1.2) [137],[141],[142] forms nodular or platform-type
phosphorites, widespread within Russia. It is a carbonate-rich mineral that can be found
in two varieties:
• Radiating (previously incorrectly termed as staffelite)
• Optically amorphous
The mineral is usually gray or brown due to the content of organic, humic or ferrugi‐
nous impurities. Sometimes, it is white or black colored. Pure kurskite has a specific
gravity of 3 g·cm−3.
4. Collophane (3Ca3(PO4)2·nCa(CO3,F2,O)·xH2O [137]) this type of phosphate minerals is
typical for marine phosphate sediments [138]. Apatite is a principal constituent of fossil
bones and other organic matter. The name cellophane is sometimes used for such
phosphatic material [143].
According to the accommodation of carbonate ion in the apatite structure, three basic types of
apatites (Fig. 55) can be recognized [144]:
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i. Type A: carbonate ion of ideal geometry in upright open configuration (bisector of
[CO3]2− triangle parallel to c-axis); configuration with apical oxygen located at the
position of OH− (a)
ii. Type B: closed (bisector normal to c-axis) configuration of type A1 carbonate ion in
the space group P63/M (b)
iii. Type AB: open (and inverted) type A2 carbonate ion and the location of type B
carbonate ion close to the sloping face of substituted [PO4]3− tetrahedron (c).
Fig. 55 Part of the c-axis channel showing the accommodation of carbonate ion in the structure of hydroxylapatite
[144].
Individual types of carbonate apatite and their importance for bone and dental enamel are
described in Section 10.9.2.
Carbonate apatites have distinctive X-ray patterns and rather small cell parameter a. An
empirical relationship between the content of CO2 in apatite and the separation (Δ [Å]) of
the 211 and 112 X-ray diffraction lines has been given by O’BRIEN et al [145],[146]:
[ ] ( )2CO wt.% 17.335 615.524= - × D (1)
Author details
Petr Ptáček
Brno University of Technology, Czech Republic
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications100
References
[1] Pasero M, Kampf AR, Ferraris C, Pekov IV, Rakovan JR, White TJ. Nomenclature of the
apatite supergroup minerals. European Journal of Mineralogy 2010;22, 163–179.
[2] Breithaupt A. Bestimmung neuer mineral-specien, hedyphan, Journal für Chemie und
Physik 1830;60 308–316.
[3] Rouse RC. Hedyphane from Franklin, New Jersey and Långan, Sweden: cation ordering
in an arsenate apatite. American Mineralogist 1984;69 920–927.
[4] Watts H. A Dictionary of Chemistry and the Allied Branches of Other Sciences. Volume
3. Longmans, Green, and Company, 1873.
[5] Breithaupt  JFA.  Vollständiges  handbuch  der  mineralogy.  Volume  2.  Arnoldische
Buchhandlung Dresden and Leipzig, 1841.
[6] Palache Ch. The Minerals of Franklin and Sterling Hill, Sussex County, New Jersey
Geological Survey professional paper. U.S. Government Printing Office, 1937.
[7] Demartin F, Gramaccioli CM, Campostrini I, Pilati T. Aiolosite, Na2(Na2Bi)(SO4)3Cl, a
new sulfate isotypic to apatite from La Fossa Crater, Vulcano, Aeolian Islands, Italy.
American Mineralogist 2010;95 382–385.
[8] Kampf AR, Housley RM. Fluorphosphohedyphane, Ca2Pb3(PO4)3F, the first apatite
supergroup mineral with essential Pb and F, American Mineralogist 2011;96 423–429.
[9] Grapes R. Pyrometamorphism. 2nd ed., Springer Science & Business Media, 2010. ISBN:
978-3642155888
[10] Theophrastus (315 BC) Chrysokolla, in Theophrastus On Stones translated by Caley ER
and Richards JFC (1956), Ohio State University (Columbus, Ohio) 25–27.
[11] Guthrie GD, Bish DL, Reynolds RC. Modeling the X-ray diffraction pattern of opal-CT.
American Mineralogist 1995;80 869–872.
[12] Nagase T, Akizuki M. Texture and structure of opal-CT and opal-C in volcanic rocks.
The Canadian Mineralogist 1997;35 947–958.
[13] Berzelius JJ. Diaspore, in Nouveau Système de Minéralogie, Méquignon-Marvis (Paris)
1819;30 282–285.
[14] Shepard CU. Plumbo-gummite, in Treatise on Mineralogy: Second Part, Hezekiah Howe
& Co. (New Haven) 1835; 113–113.
[15] Scott KM. Solid solution in, and classification of, gossan-derived members of the alunite-
jarosite family, northwest Queensland, Australia. American Mineralogist 1987;72 178–
187.
Other Minerals from the Supergroup of Apatite
http://dx.doi.org/10.5772/62210
101
[16] Kampf AR, Rossman GR, Housley RM. Plumbophyllite, a new species from the Blue
Bell claims near Baker, San Bernardino County, California. American Mineralogist
2009;94: 1198–1204.
[17] Keller P, Dunn PJ. Plumbotsumite, Pb5(OH)10Si4O8, a new lead silicate from Tsumeb,
Namibia, Chemie der Erde 1982;41 1–6.
[18] Fleischer M, Cabri LJ, Chao GY, Mandarino JA, Pabst A. New mineral names, American
Mineralogist 1982;67 1074–1082.
[19] Marty J, Kampf AR, Housley RM, Mills SJ, Weiβ S. Seltene neue Tellurmineralien aus
Kalifornien, Utah, Arizona und New Mexico (USA). Lapis 2010;35() 42–51.(66)
[20] Haidinger W. Zweite Klasse: Geogenide. II. Ordnung. Baryte. VII. Bleibaryt. Wulfenit.,
in Handbuch der Bestimmenden Mineralogie, Bei Braumüller and Seidel (Wien) 1845;
499–506.
[21] Du Y, Ding Hang-Ch, Sheng L, Savrasov SY, Wan X, Duan Chun-G. Microscopic
mechanism of stereochemically active lone pair studied from orbital selective external
potential  calculation. Journal of Physics Condensed Matter 2014;26(2) 025503. doi:
10.1088/0953-8984/26/2/025503
[22] Kampf AR, Steele IM, Jenkins.  Phosphohedyphane, Ca2Pb3(PO4)3Cl,  the phosphate
analog of hedyphane: description and crystal structure. American Mineralogist 2006;91
1909–1917.
[23] von Pufahl O. Mitteilungen über mineralien und erze von Südwestafrika, besonders
solche von Tsumeb. Centralblatt fur Mineralogie, Geologie und Palaontologie. 1920;
289–296.
[24] Church AH. Chemical researches on some new and rare Cornish minerals. Journal of
the Chemical Society 1865;18, 259–268.
[25] Beudant FS. Anglesite, plomb sulfaté, in Traité Élémentaire de Minéralogie, 2nd ed.,
(Paris) 1832; 459–460.
[26] Bideaux RA, Nichols MC, Williams SA. The arsenate analog of tsumebite, a new mineral.
American Mineralogist 1966;51 258–259.
[27] Vésignié JPL. Présentation d'échantillons. Bulletin de la Société Française de Minéralogie
1935;58 4–5.
[28] Beudant FS. Azurite, in Traité Élémentaire de Minéralogie, 2nd ed., (Paris) 1832; 373–
374.
[29] Sato E,  Nakai  I,  Terada Y,  Tsutsumi Y,  Yokoyama K,  Miyawaki  R,  Matsubara S.
Beaverite-(Zn), Pb(Fe2Zn)(SO4)2(OH), a new member of the alunite group, from Mikawa
Mine, Niigata Prefecture. Japan, Mineralogical Magazine 2011;75 375–377.
[30] Butler BS, Schaller WT. Beaverite, a new mineral. Journal of the Washington Academy
of Sciences 1911;1 26–27.
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications102
[31] Bayliss  P,  Kolitsch  U,  Nickel  EH,  Pring  A,  Alunite  supergroup:  recommended
nomenclature. Mineralogical Magazine 2010;74 919–927.
[32] Mineral known since antiquity under a number of names, but it appears to have first
been  called  calcite  in  this  publication:  Freiesleben  JC.  Calcit,  Magazin  für  die
Oryktographie von Sachsen 1836;7 118–121.
[33] Süsse  P.  Verfeinerung  der  Kristallstruktur  des  Malachits,  Cu2(OH)2CO3.  Acta
Crystallographica 1967;22(1) 146–151. doi:10.1107/S0365110X67000222
[34] Sarp H, Birch WD, Hlava PF, Pring A, Sewell DKB, Nickel EH. Perroudite, a new sulfide-
halide of Hg and Ag from Cap-Garonne, Var, France, and from Broken Hill, New South
Wales, and Coppin Pool, Western Australia. American Mineralogist 1987;72 1251–1256.
[35] Dunn PJ, Rouse RC. Morelandite, a new barium arsenate chloride member of the apatite
group. The Canadian Mineralogist 1978;16 601–604.
[36] Fleischer M, Pabst A, Mandarino JA. New mineral names, American Mineralogist 1980;65
205–210.
[37] Turner E. Chemical examination of the oxides of manganese. Part II. On the composition
of the ores of manganese described by Mr. Haidinger. The Philosophical Magazine
1828;4 96–104.
[38] Ludwig CF. A. G. Werners Mineral-System, Erste Klasse Erdige Fossilien, VI. Kalk-
Geschlecht, in Handbuch der Mineralogie nach A. G. Werner Volume 2, Siegfried
Lebrecht Crusius (Leipzig), 1804, 209–212.
[39] Demartin F, Gramaccioli CM, Campostrini I. Demicheleite-(Cl), BiSCl, a new mineral
from La Fossa crater, Vulcano, Aeolian Islands, Italy. American Mineralogist 2009;94
1045–1048.
[40] Beudant FS. Sulfures de bismuth. Bismuthine, in Traité Élémentaire de Minéralogie,
2nd ed., (Paris), 1832; 418–421.
[41] Demartin  F,  Campostrini  I,  Gramaccioli  CM.  Panichiite,  natural  ammonium
hexachlorostannate(IV), (NH4)2SnCl6, from La Fossa crater, Vulcano, Aeolian Islands,
Italy. The Canadian Mineralogist 2009;47 367–372.
[42] Websky M. Über caracolite und percylit, Sitzungsberichte der Königlich Preussischen
Akademie der Wissenschaften 1886;48 1045–1050.
[43] Nickel EH, Nichols MC. Mineral Reference Manual. Springer Science & Business Media,
1991. ISBN: 978-0442003449
[44] Mellor JW. A Comprehensive Treatise on Inorganic and Theoretical Chemistry. Volume
7. Longmans, Green and Company, 1957.
[45] Tazzoli V. The crystal structure of cesanite Ca1+xNa4-x(SO4)3(OH)x·(1-x)H2O, a sulphate
isotypic to apatite. Mineralogical Magazine 1983;47 59–63.
Other Minerals from the Supergroup of Apatite
http://dx.doi.org/10.5772/62210
103
[46] Piotrowski A , Kahlenberg V , Fischer RX , Lee Y , Parise JB. The crystal structures of
cesanite and its synthetic analogue—A comparison. American Mineralogist 2002;87
715–720.
[47] Cavarretta G, Mottana A, Tecce F. Cesanite, Ca2Na3[(OH)(SO4)3], a sulphate isotypic to
apatite, from the Cesano geothermal field (Latium, Italy).  Mineralogical Magazine
1981;44 269–273.
[48] Harada K, Nagashima N, Nakao K, Kato A. Hydroxylellestadite, a new apatite from
Chichibu mine, Saitama prefecture, Japan. American Mineralogist 1971;56 1507–1518.
[49] Borodin LS, Kazakova ME. Belovite—a new mineral from an alkaline pegmatite, Doklady
Akademii Nauk SSSR 1954;96 613–616.
[50] Pekov IV, Chukanov NV, Beletskaya OV, Khomyakov AP, Menshikov YP. Belovite-
(Ce): New data, refined formula and relationship to other minerals of the apatite group.
Zapiski Vserossijskogo Mineralogicheskogo Obshchestva 1995;124 98–110.
[51] Rakovan JF, Hughes JM. Strontium in the apatite structure: Strontian fluorapatite and
belovite-(Ce). The Canadian Mineralogist 2000;38 839–845.
[52] Böggild  OB.  Ussingit,  ein  neues  Mineral  von  Kangerdluarsuk.  Zeitschrift  für
Krystallographie und Mineralogie 1915; 54 120–126.
[53] Klaproth MH. Chemische untersuchung des natroliths. Naturforschender Freunde zu
Berlin, Neue Schriften 1803);4 243–248.
[54] Gerasimovsky VI. Chkalovite, Comptes Rendus (Doklady) de l’Académie des Sciences
de l’URSS 1939;22 259–263.
[55] Boeggild OB. Epistolite, a new mineral. Meddelelser om Grønland 1901; 24 183–190.
[56] Fleischer M. New mineral names. American Mineralogist 1963;48 1178–1184.
[57] Fersman AE. The Chibina Massiv of Kola Island, Transactions of the Northern Scientific
and Economic Expedition 1923;16, 16–73.
[58] Flink  G.  Om  några  mineral  från  Grönland,  Geologiska  Föreningens  i  Stockholm
Förhandlingar 1893;15 195–208.
[59] Cannillo E, Mazzi F, Rossi G. The crystal structure of neptunite. Acta Crystallographica
1966;21 200–208.
[60] Sokolova E. From structure topology to chemical composition. I. Structural hierarchy
and stereochemistry in titanium disilicate minerals. The Canadian Mineralogist 2006;44
1273–1330.
[61] Chao GY, Watkinson DH. Gaidonnayite, Na2ZrSi3O9·2H2O, a new mineral from Mont
St. Hilaire, Quebec, The Canadian Mineralogist 1974;12 316–319.
[62] Hackman V. Petrographische beschreibung des nephelinsyenites vom Umptek und
einiger ihn begleitenden gesteine, Fennia 1894;11 101–196.
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications104
[63] Men’shikov YP, Sokolova EV, Egorov-Tismenko YK, Khomyakov AP, Polezhaeva LI.
Sitinakite  Na2KTi4Si2O13(OH)·4H2O—a  new  mineral.  Zapiski  Vserossijskogo
Mineralogicheskogo Obshchestva 1992;121(1) 94–99.
[64] Berzelius J. (Untitled note on aegirine), Neues Jahrbuch für Mineralogie, Geognosie,
Geologie und Petrefaktenkunde 1835; 184–185.
[65] Thomson T. A chemical analysis of sodalite, a new mineral from Greenland, Transactions
of the Royal Society of Edinburgh 1812;6 387–395.
[66] Breithaupt A. Ueber die Felsite und einige deue Specien ihres Geschlechts. Journal für
Chemie und Physik 1830;60 316–330
[67] Bailey SW. Refinement of an intermediate microcline structure. American Mineralogist
1969;54 1540–1545.
[68] Haüy RJ. Népheline. Traité de minéralogie 1801;3 186–190.
[69] Pekov IV, Kulikova IM, Kabalov YK, Eletskaya OV, Chukanov NV, Menshikov YP,
Khomyakov AP. Belovite-(La) Sr3Na(La,Ce)[PO4]3(F,OH)—a new rare earth mineral in
the apatite group. Zapiski Vserossijskogo Mineralogicheskogo Obshchestva 1996;125(3)
101–109.
[70] Semenov EI. Oxides and hydroxides of titanium and niobium in the Lovozero alkalic
massif, Institute of Mineralogy, Geochemistry, Crystal Chemistry and Trace Elements.
Akademiya Nauk CCCP, Trudy 1957;1 41–59.
[71] von Kobell F. Ueber den Pektolith, Archiv für die Gesammte Naturlehre 1828;13 385–
393.
[72] Pekov IV, Zubkova NV, Husdal TA, Kononkova NN, Agakhanov AA, Zadov AE,
Pushcharovsky  DY.  Carlgieseckeite-(Nd),  NaNdCa3(PO4)3F,  a  new  belovite-group
mineral species from the Ilímaussaq alkaline complex, South Greenland. Canadian
Mineralogist 2012;50 571–580.
[73] Pekov IV, Zubkova NV, Husdal TA, Agakhanov AA, Zadov AE, Pushcharovsky, DY.
Carlgieseckeite-(Nd), IMA 2010-036. CNMNC Newsletter, 2010, p. 901; Mineralogical
Magazine 74 899–902.
[74] Gahn JG, Berzelius J. Underfökning af nagra i grannskapet af Fahlun funna fossilier,
Afhandlingar i Fysik, Kemi och Mineralogi 1815;4 148–216.
[75] Haüy RJ. Analcime. Journal des Mines 1797;5 278–279.
[76] Khomyakov  AP,  Lisitsin  DV,  Kulikova  IM,  Rastsvetaeva  RK.  Deloneite-(Ce)
NaCa2SrCe(PO4)3F – a new mineral with a belovite-like structure. Zapiski Vserossijskogo
Mineralogicheskogo Obshchestva 1996;125(5) 83–94.
[77] Khomyakov AP,  Kulikova IM,  Rastsvetaeva RK.  Fluorcaphite  Ca(Sr,Na,Ca)(Ca,Sr,
Ce)3(PO4)3F—a new mineral with the apatite structural motif. Zapiski Vserossijskogo
Mineralogicheskogo Obshchestva 1997;126(3) 87–97.
Other Minerals from the Supergroup of Apatite
http://dx.doi.org/10.5772/62210
105
[78] Chakhmouradian AR, Hughes JM, Rakovan R. Fluorocaphite a second occurrence and
detailed structural analysis: simultaneous accommodation of Ca, Sr, Na, and LREE in
the apatite atomic arrangement. The Canadian Mineralogist 2005;43(2) 735–746.
[79] Brooke HJ. A description of the crystalline form of some new minerals. Arfwedsonite,
The Annals of Philosophy 1823;5 381–384.
[80] Miyashiro A. The chemistry, optics, and genesis of the alkali-amphiboles. Journal of
Faculty of Science, University of Tokyo, Section II 1957;11 57–83.
[81] Oberti R, Boiocchi M, Hawthorne FC, Ball NA, Harlow GE. Magnesio-arfvedsonite,
IMA 2013-137. CNMNC Newsletter No. 20, June 2014, page 553; Mineralogical Magazine
2014;78 549–558.
[82] Flink G. On the minerals from Narsarsuk on the Firth of Tunugdliarfik in Southern
Greenland, Meddelelser om Grønland 1901;24 9–180.
[83] Naumann KF. Lehrbuch der Mineralogie. Leipzig, Engelman, 1826.
[84] Zharikov VA, Pertsev NN, Rusinov VL, Callegari E, Fettes DJ. Metasomatism and
metasomatic rocks. A systematic nomenclature for metamorphic rocks: 9. Metasomatic
rocks.  Recommendations  by  the  IUGS  Subcommission  on  the  Systematics  of
Metamorphic Rocks. Recommendations, web version of 01.02.2007.
[85] Burke EAJ. Tidying up mineral names: an IMACNMNC scheme for suffixes, hyphens
and diacritical marks. Mineralogical Record 2008;39: 131–135.
[86] Efimov AF, Kravchenko SM, Vasil’eva ZV. Strontium-apatite—a new mineral, Doklady
Akademii Nauk SSSR 1962;142 439–442.
[87] Pekov  IV,  Britvin  SN,  Zubkova  NV,  Pushcharovsky  DY,  Pasero  M,  Merlino  S.
Stronadelphite,  Sr5(PO4)3F,  a  new  apatite-group  mineral.  European  Journal  of
Mineralogy 2010;22(6) 869–874.
[88] Friis H, Balić-Žunić T, Pekov IV, Petersen OV. Kuannersuite-(Ce), Ba6Na2 REE2(PO4)6FCl,
a new member of the apatite group, from the Ilímaussaq alkaline complex, South
Greenland: description and crystal chemistry. The Canadian Mineralogist 2004;42 95–
106.
[89] Kuzmenko MV. Beryllite—a new mineral. Doklady Akademii Nauk SSSR 1954; 99 451–
454.
[90] Passaglia E, Pongiluppi D, Vezzalini G. The crystal chemistry of gmelinites. Neues
Jahrbuch für Mineralogie, Monatshefte 1978; 310–324.
[91] Coombs DS, Alberti A, Armbruster T, Artioli G, Colella C, Galli E, Grice JD, Liebau F,
Mandarino JA, Minato H, Nickel EH, Passaglia E, Peacor DR, Quartieri S, Rinaldi R,
Ross M, Sheppard RA, Tillmanns E, Vezzalini G. Recommended nomenclature for
zeolite  minerals:  report  of  the  Subcommittee  on  Zeolites  of  the  International
Mineralogical Association, Commission on New Minerals and Mineral Names, The
Canadian Mineralogist 1997;35 1571–1606.
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications106
[92] Khomyakov AP, Polezhaeva LI, Malinovsky YA. Gmelinite-K (K,Na,Ca)6 [Al7Si17O48]
·22H2O, a new zeolite mineral from Lovozero alkaline massif, Kola Peninsola, Russia.
Zapiski Vserossijskogo Mineralogicheskogo Obshchestva 2001;130(3) 65–71.
[93] Brewster D. Description of gmelinite, a new mineral species. Edinburgh Journal of
Science 1825;2 262–267.
[94] Lacroix A. Sur la gonnardite. Bulletin de la Société Française de Minéralogie 1896;19
426–429.
[95] Men'shikov YP, Denisov AP, Uspenskaya YI, Lipatova EA. Lovdarite, a new hydrous
alkali-beryllium silcate. Doklady Akademii Nauk SSSR 1973;213 130–133.
[96] Fleischer M. New mineral names. American Mineralogist 1974;59 873–875.
[97] Petersen OV, Giester G, Brandstätter F, Niedermayr G. Nabesite, Na2BeSi4O10·4H2O, a
new mineral species from the Ilímaussaq alkaline complex, South Greenland. The
Canadian Mineralogist 2002;40 173–181.
[98] Jambor JL, Roberts AC. New mineral names, American Mineralogist 2003;88 251–255.
[99] Lorenzen  J.  Untersuchung  einiger  mineralien  aus  Kangerdluarsuk  in  Grönland,
Zeitschrift für Krystallographie und Mineralogie 1884;9 243–254.
[100] Atencio D, Andrade MB, Christy AG, Gieré R, Kartashov P. The pyrochlore supergoroup
of minerals: nomenclature. Canadian Mineralogist 2010;48 673–698.
[101] Glocker EF. Ordo IV. Cinnabaritae. IV. Cinnabaritae sphaleritoidei. 12. Sphalerites, in
Generum  et  Specierum  Mineralium,  Secundum  Ordines  Naturales  Digestorum
Synopsis, Apud Eduardum Anton 1847; 13–18.
[102] Pekov IV, Pasero M, Yaskovskaya AN, Chukanov NV, Pushcharovsky DY, Merlino S,
Zubkova  NV,  Kononkova  NN,  Men’shikov  YP,  Zadov  AE.  Fluorcalciobritholite,
(Ca,REE)5[(Si,P)O4]3F,  a  new mineral:  description and crystal  chemistry.  European
Journal of Mineralogy 2007;19 95–103.
[103] Njema H, Debbichi M, Boughzala K, Said M, Bouzouita K. Structural, electronic and
thermodynamic properties of britholites Ca10−xLax(PO4)6−x(SiO4)xF2 (0 ≤ x ≤ 6): Experiment
and theory. Materials Research Bulletin 2014;51 210–216.
[104] Winther C. Britholite, a new mineral. Meddelelser om Grønland 1901;24 190–196.
[105] Nickel EH, Mandarino JA. Procedures involving the IMA Commission on New Minerals
and Mineral Names and guidelines on mineral nomenclature. American Mineralogist
1987; 72 1031–1042.
[106] Noe DC, Hughes JM, Mariano AN, Drexler JW, Kato A. The crystal structure of monoclinic
britholite-(Ce) and britholite-(Y). Zeitschrift für Kristallographie 1993;206 233–246.
[107] Peishan Z, Xueming Y, Kejie T. Mineralogy And Geology of Rare Earths in China. Series
of solid earth sciences research in China, VSP, 1996. ISBN: 978-9067642200
Other Minerals from the Supergroup of Apatite
http://dx.doi.org/10.5772/62210
107
[108] Pekov IV, Zubkova NV, Chukanov NV, Husdal TA, Zadov AE, Pushcharovsky DY.
Fluorbritholite-(Y), (Y,Ca,Ln)5[(Si,P)O4]3F, a new mineral of the britholite group. Neues
Jahrbuch für Mineralogie, Abhandlungen 2011;188 191–197.
[109] Hata S. Abukumalite, a new yttrium mineral. Scientific Papers of the Institute of Physical
and Chemical Research 1938;34 1018–1023.
[110] Gu J, Chao GY, Tang S. A new mineral—fluorbritholite-(Ce). Journal of Wuhan University
of Technology 1994;9(3) 9–14.
[111] Jones AP, Wall F, Williams CT. Rare Earth Minerals: Chemistry, Origin and Ore Deposits.
Mineralogical Society of Great Britain and Ireland: The Mineralogical Society series,
Volume 7. Springer Science & Business Media, 1996. ISBN: 978-0412610301
[112] Grice JD, Hawthorne FC. Refinement of the crystal structure of leucophanite. The
Canadian Mineralogist 1989;27 193–197.
[113] Jaffe HW, Molinski VJ. Spencite, the yttrium analogue of tritomite from Sussex County,
New Jersey. American Mineralogist 1962; 47 9–25.
[114] Henderson P. Rare Earth Element Geochemistry (Developments in Geochemistry).
Elsevier, 2013. ISBN: 978-1483289779.
[115] Frondel C. Two yttrium minerals: spencite and rowlandite. The Canadian Mineralogist
1961; 6 576–581.
[116] Bayliss P, Levinson AA. A system of nomenclature for rare-earth mineral species: revision
and extension. American Mineralogist 1988;73 422–423.
[117] McConnell D. The substitution of SiO4- and SO4-groups for PO4-groups in the apatite
structure; ellestadite, the end-member. American Mineralogist 1937;22 977–986.
[118] Ciesielszuk J. Ellestadite-(F) – a mineral formed in the overburned coal dump (Upper
Silesian Coal Basin). Mineralogia – Special Papers 2008;32 54.
[119] Jambor JL. New mineral names. American Mineralogist 1989;74 500–505.
[120] Chesnokov BV, Bazhenova LF, Bushmakin AF. Fluorellestadite Ca10[(SO4),(SiO4)]6F2—
a new mineral, Zapiski Vsesoyuznogo. Mineralogicheskogo Obshchestva 1987;116(6)
743–746.
[121] Allen NK. Limestone and Other Sedimentary Rocks. The Rosen Publishing Group, 2009.
ISBN: 978-1435827592
[122] Onac BP, Effenberger H, Ettinger K, Panzaru SC. Hydroxylellestadite from Cioclovina
Cave  (Romania):  microanalytical,  structural,  and  vibrational  spectroscopy  data.
American Mineralogist 2006;91 1927–1931.
[123] Marincea S, Dumitraş Delia-G, Călin N, Anason AM, Fransolet AM, Hatert F. Spurrite,
tilleyite and associated minerals in the exoskarn zone from cornet hill (Metaliferi Massif,
Apuseni Mountains, Romania). The Canadian Mineralogist 2013;51 359–375.
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications108
[124] Pascal Marie-L, Fonteilles M, Verkaeren J, Piret R, Marincea Ş. The melilite-bearing
high-temperature skarns of the Apuseni Mountains, Carpathians, Romania. Canadian
Mineralogist 2001;39 1405–1434.
[125] Marincea, Ş, Bilal E, Verkaeren J, Pascal ML, Fonteilles M. Superposed parageneses in
the  spurrite-,  tilleyite-,  and  gehlenite-bearing  skarns  from  Cornet  Hill,  Apuseni
Mountains, Romania. Canadian Mineralogist 2001;39 1435–1453.
[126] Muraoka Y, Kihara K. The temperature dependence of the crystal structure of berlinite,
a quartz-type form of AlPO4, Sample: T = 25°C. Physics and Chemistry of Minerals
1997;24 243–253.
[127] Rouse RC, Dunn PJ. A contribution to the crystal chemistry of ellestadite and the silicate
sulfate apatites. American Mineralogist1982;67 90–96.
[128] Saint-Jean SJ, Hansen S. Nonstoichiometry in chlorellestadite, locality: synthetic, sample:
nonstoichiometric. Solid State Sciences 2005;7 97–102.
[129] Fitzgerald S, Rheingold AL, Leavens PB. Crystal structure of Cu-bearing vesuvianite.
American Mineralogist1986;71 1011–1014.
[130] Merlino S. Okenite, Ca10Si18O46·18H2O: the first example of a chain and sheet silicate.
American Mineralogist 1983;68 614–622.
[131] Livingstone A, Ryback G, Fejer EE, Stanley CJ. Mattheddleite, a new mineral of the
apatite group from Leadhills, Strathclyde region. Scottish Journal of Geology 1987;23
1–8.
[132] Jambor JL, Bladh KW, Ercit TS, Grice JD, Grew ES. New mineral names, American
Mineralogist 1988;73 927–935.
[133] Essene EJ, Henderson CE, Livingstone A. The missing sulphur in mattheddleite, sulphur
analysis of sulphates, and paragenetic relations at Leadhills, Scotland. The Mineralogical
Society 2006;70(3) 265–280.
[134] Steele M, Pluth JJ, Livingstone A. Crystal structure of mattheddleite: a Pb, S, Si phase
with the apatite structure. Mineralogical Magazine 2000;64(5) 915–921.
[135] Tait K, Hawthorne FC, Ball N, Abdu Y. (2014) Pieczkaite, IMA 2014-005. CNMNC
Newsletter No. 20, June 2014, page 555; Mineralogical Magazine 2014;78 549–558.
[136] Engel G, Pretzsch J, Gramlich V, Baur WH. The crystal structure of hydrothermally
grown manganese chlorapatite, Mn5(PO4)3Cl0.9(OH)0.1. Acta Crystallographica 1975;B31
1854–1860.
[137] Teodorovich GI. Authigenic Minerals in Sedimentary Rocks. Springer Science & Business
Media, 2012. ISBN: 978-1468406528
[138] Abouzeid Abdel-Z.M. Physical and thermal treatment of phosphate ores—An overview.
International Journal of Mineral Processing 2008;85(4) 59–84.
Other Minerals from the Supergroup of Apatite
http://dx.doi.org/10.5772/62210
109
[139] Greenwood NN, Earnshaw A. Chemistry of the Elements. 2nd ed., Elsevier, 2012. ISBN:
978-0080501093
[140] Valsami-Jones  E.  Phosphorus  in  Environmental  Technologies:  Principles  and
Applications: Principles and Applications (Integrated Environmental Technology). 1st
ed., London: IWA Publishing, 2004. ISBN 1-84339-001-9.
[141] Chirvinsky PN. Materials for the knowledge of the natural productive forces of Russia.
Published in commission for the Russian Acad. Sci., Petrograd: 1919;30 52 p.
[142] Notholt AJG, Sheldon RP, Davidson DF. Phosphate Deposits of the World: Volume 2,
Phosphate Rock Resources. Cambridge Earth Science Series. Revised edition, Cambridge
University Press, 2005. ISBN: 978-0521673334
[143] Bishop AC, Woolley AR, Woolley WRH. Cambridge Guide to Minerals, Rocks and
Fossils. 2nd ed., Cambridge: Cambridge University Press, 1999. ISBN 0-521-77881-6
[144] Fleet ME, Liu X, Penelope LK. Accommodation of the carbonate ion in apatite: An FTIR
and X-ray structure study of crystals synthesized at 2–4 GPa. American Mineralogist
2004;89 1422–1432.
[145] O'Brien GW, Milnes AR, Veeh HH, Heggie DT, Riggs SR, Cullen DJ, Marshall JF, Cook
PJ. Sedimentation dynamics and redox iron-cycling: controlling factors for the apatite-
glauconite association on the East Australian continental margin. Book Chapter in: In:
Notholt, A J G and Jarvis, I (eds.). Phosphorite Research and Development. Geological
Society of Australia. Special publication. Geological Society of Australia, 1990.
[146] Deer WA. Rock-Forming Minerals: Non-silicates, volume 5B, second edition. Geological
Society of London, 1998. ISBN: 978-1897799901
 
 
 
 
 
 
 
 
 
Apatites and their Synthetic Analogues - Synthesis, Structure, Properties and Applications110
